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Abstract
A variety of low-cost space missions planned by NASA

for flight in the late 1990’s and early 2000’s will involve rcm-
dezvous  with, and orbits about, small solar-system bodies
SUCII as asteroids and comets. Rendezvous missions of this
nature have never been performed, all previous small-body
encounters having been flybys. T}IUS in navigating these
missions there are a number of issues and c}lallenges which
arc new. l’his paper will identify the different mission
phases for small body encounters and the navigation re-
quirements,  objectives and goals involved with each phase.
III addition, certain practical limitations with respect to
mission design will be identified and the scientific informat-
ion obtained by navigation during the mission discussed.

‘1’IIc phases and issues addressed in the paper arc: pre-
encounter characterization, encounter and rendezvous with
the body, post-cncorrnter  characterization, initial orbit
strategy and tlic mission phase itself. }~;ach of these phases
have integral importance and are critical to the succcss  of
the entire mission. inherent in each of these phases arc
all the traditional navigation concerns, such as a priori
knowledge, maneuver design and execution, data acquisi-
tion, orbit determination, orbit reconstruction and cent rol.
‘J’hc paper explains how these traditional roles will be im-
plemented  for future small-body missions, including the
usc of autonomous navigation where practical.

Navigation of spacecraft to and about small solar-system
bodies is challenging and raises many issues of fundan~en-
tal importance which should be understood by the mis-
sion navigators, designers and sponsors. This paper will
identify the most important issues and discuss ways in
which they may be dealt with. It also provides a n]cthod-
ology with which to approach navigation for small-body
missions.

Introduction
liendczvous  missions to small bodies such as asteroids

and comets are currently being planned or proposed. The
impetus for these ambitious plans arc the relatively UII -
known properties of these members of the solar system.
Increased knowledge of these bodies will provide a more

complete picture of the solar system and a better under-
standing of the processes that formed the solar system.

Navigation of such missions will present challenges never
faced in the history of space exploration. The responsibil-
ities and duties of navigation during such a mission are
to deliver the spacecraft into a capture orbit at the small
body, provide predictions and reconstructions of the space-
craft motion and target the spacecraft into desired orbits
during the mission. III order to perform these tasks it is
necessary for navigation to have appropriate models of the
small body and its force environment. Thus an additional
task of navigation is to estimate and construct these nlod-
els once rendezvous with the body is achieved.

There are critical differences between small body ren-
CICZVOUS  missions and the classical planetary rendezvous
missions performed in the past and p]anncd  for the future.
When designing a mission to a planet, there is generally
a wealth of information concerning the size, shape, envi-
ronment and mass of the body, either based on ground
observations or on previous encounters. ‘l’he situation is
drastically different with regard to small bodies. Ground
based observations cannot provide the same depth of in-
formation available for larger bodies. Additionally forces
that arc small for planetary orbiters may become relatively
large as compared to the gravitational attraction of the
small body. Finally the shape of the small  body tends to be
irregular and significantly non-spherical, leading to signifi-
cant gravitational perturbations which must be estimated
before specific orbits can be designed and implemented.

This paper concerns itself only with the rendezvous and
orbit phase of a small body mission. Navigation for in-
terplanetary  trajectories has been performed often and
is relatively well understood (Reference). The  paper de-
scribes a generic navigation plan for a small body mission
and provides justifications where necessary. Numerical val-
ucs are cited only when appropriate for clarification. Me
paper is divided into a nurnbcr  of sections, each describ-
ing the needs and requirements of the different mission
phases. “l-he sections are: prc-cncountcr  characterization,
encounter and rendezvous phase, post-encounter charac-
terization, initial orbit and mission phase.



Pre-encounter  Characterization
‘J’IIc  comets and asteroids that make up the small bodies

of the solaT system aTe so nume~ous  and so diverse that few
generalizations can Ire used to guide a J)re-cncorrnter  char-
acterization of a target body. Sims range from a fcw me-
ters in diameter to over 900 km, densities can range fTom
fluffy cometary structures to soJid iron and cometary ml-
cJci may masquerade as asteroids or remain hidden bchiud
a cloud of dust and gas. Rocket-like outgassing  thrusts
affect the orbitaJ  motions of comets and can introduce
significant nongravitational accelerations on a neighbor-
ing sJ]acecraft.  l’;acb target body is an individual and,
as a result, each should be intensively studied well in ad-
vance  of the J>]anncd encounter. Carefully  Jdauned  observ-
ing camJ~aigns will yield dividends in terms of the object’s
ephemeris accuracy at the time of the spacecraft cncounteT
and a first order kuowlcdge  of the target object’s size,
sllaJ~c, allrcdo,  composition, and in tJle case of a comet
- its outgassing  characteristics. This advance knowledge of
the target body’s cJlaractcristics  will facilitate the design of
science iustrumellts, the sequencing of in-situ observations,
the precise Jocation  of the target body prior to rendezvous
and the oJ~timal design of t}lc sJ~acccraft’s  orbits about the
target body during the rendezvous mission Jdlasc.

l}J)l~cIncris  Development
— ‘l’lie a priori accuracy of a target bod y’s eJAemcris  will
dcJJcnd UJJOU  the length of time for which ground-based
astrolnctric observations exist, the accuracy of these data
and the Jmoximity  of the object to the Earth when the
observations were taken. Optical  J)lane-of-sky obscr  vations
takcu  during close Earth aJ~JJroaches are very J~owcrful in
tJIc orbit  determination process. More powerfuJ are radar
J)oJJJder and time delay observations, as these data have
a far greater fractional J>recision than traditional oJ]tical
astromctry (Ostro et al., 1991; Yeomans  et aJ., 1987, 1992).
‘J’hc accuracy of oJ>ticaJ astromctric data can bc imJ>roved
by comJ]ilirlg special reference star catalogs in advance and
aski)~g experienced observers to reduce their astrometric
CCI)  frames with respect to these reference stars, I’hcse
extra efforts J>aid of handsomely for the Galileo spacecraft
flybys of asteroid 951 GasJ]ra  on Oct. 29, 199J and again
during tJlc flyby of asteroid 243 Ida on Aug. 28, 1993
(Yeomans  et al., 1993, Owen and Yeomans,  1994). From
ground-based efforts alone,  the relative sJ)acecraft-asteroid
J~ositioll  errors were well below )00 km, in the futuTc large
format CCIIS will be used to caJ~ture solar system objects
against tllc  highly accurate all-sky }Iyparcos  catalog. An
order of magnitude improvement in ephemeris accuracies
may tJicn be J~ossiblc.

For comets, the ephemeris accuracy also depends uJJon
the abi}ity to successfully model the outgassing,  or non-
gravitational, accelerations that can act upon the comet
(Marsdcn  et al. , 1 9 7 3 ;  Yeomaus  and Chodas, 1989).
‘1’hcsc  cometary nongravitationaJ effects will depend uJ)on
a comet’s rotation J)OJC  oricntatiou and J>recessioa, the size
and location of the outgassing vents, and the volatility of
the vaJ>orizing ices. Unfortunately, only the time-averaged
effects of these nongravitationa]  acce]crations  can be deter-

mined from the use of grorrnd-based astrometry in model-
ing activities.

]’hysical Cllaractcrization- .——  —
Using a combination of visual and infrared J>hotometric

techniques and radar observations, meaningful constraints
can bc Jdaced upon the sizes, al bedos,  shapes, rotation
rates, and rotation pole orientations of many asteroids
(Magnusson  et al., 1989; lJarris and l,upishko,  1989; MiHis
and Dunham, 1989). ]n addition, spectral observations of
rcflcctcd  sunlight and radar observations have bceu used
to infer the comJ)ositions  of many asteroids (Gaffey et al.,
1989; Ostro, 1993). Ilowever,  these techniques rely uJIon
model assumJ~tions and analogies with meteorites so the
quantitative characterization of an asteroid’s morphology
and comJ~osition will require a comJmehensive  set of obser-
vations be made from an orbiting sJ~acecraft.

From the orbital analysis of asteroids that J>erturb one
another, the masses of a few asteroids have been deter-
mined (llofimanj  1989). Ilowever,  for t}le vast majority
of asteroids, there are no mass determinations and only
l]~odel-c]eJ~cllclellt  estimates of their sizes so that their bulk
densities are not known. For comets, the situation is even
worse since there. are no reliable nrass  determinations and
because their nuc]ci are oftcu  hidden within an atmosphere
of dust and gas, t}lere are very fcw reliable estimates of
their sizes, As a rule of thumb, the bulk densities of
comets, and the most common C-type, and S-tyJJe aster-
oids are often taken to be about 1, 2.6, and 3.5 grams/cm3
rcspcctive]y  but the uncertainties on these nrrrnbers  arc a
good fraction of the values themselves.

IIccausc  the very small bodies of the solar systcm  aTe
probably the result of collision fragmentation ill the caTly
solar system, one would exJ~ect the srnallcr  objects to bc
more irregularly shaJ>cd. ‘J’o date, we have images of only
the two asteroids (951 GasJma and 243 Ida) obseTved by the
Galileo sJJacecraft. Jloth  of these main-belt asteroids are
irregularly shaped with the longer axis nearly twice the size
of the other two dimensions. ‘J’he longest axis for Gaspra
and Ida are respectively 19 and 55 km. Near-  l;arth as-
teroids  and comets are likely to be sruallcr  and even more
irregular. Two of these objects, 4769 Castalia and 4179
“1’outatis, have been “imaged” using radar techniques dur-
ing very close-F,arth aJJproaches  (Ostro, 1 993). T})ese as-
teroids  arc only a few kilometers in size and eac}l aJ~pcars
to have a distinctly hi-modal mass distribution - J~erhaJ>s a
contact binary. This suggests that several small asteroids
may bc bi-mods] in their mass distributions. However,
true binary asteroids are likely to be raTe. Once placed in
orbit about an asteroid, a satellite fragment could remain
there over long time periods (Hamilton and Burns,  1992) if
not subjected to a major J>erturbation.  I]owcver,  the diffl-
culty  in getting the fragment in orbit initially suggests that
satellite fragments would be unusual. Since the relaxation
tilne for a large asteroid to settle down to principal axis
rotation is faT shorter than its ]ifetirne  between collisions,
ouc would expect these asteroids to be in J)rincipal axis
rotation (Burns and Safronov,  1973). Since this relaxation
tilae is largest for small,  iTregularJy-shaped  objects in slow
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rotation, a few of the smaller near-Earth asteroids may not
have their body axes aligned with the rotation axis.

Of t}lc cometary population, only 11 alley has berm im-
aged and it too  appears irregularly shaped with its longest
axis approximately 15 km in extent. When comets arc
orbiting the sun inside about three astronomical units,
their water icc bcgius  to vaporize, releasing the gas and
dust particles that comprise the cometary atmosphere.
‘1’his  atmosphere, or coma, effectively hides the cometary
nucleus from optical and infrared grouud-based observa-
tions so that very little can bc done to characterize ac-
tive cometary targets prior to a spacecraft rendezvous. III
addition, centimeter-sized dust partic]cs  released by the
cometary nucleus also makes radar observations di~lcult

cvcu during l;arth close approaches. A comprehensive
Inodcl of the cometary nucleus, including the rotation pole
orientation and the location of the outgassing vcuts,  will
have to await the arrival of the rendezvous spacecraft. }le-
causc  this cometary outgassing activity will also iutroducc
nongravitational accelerations upon a rendezvous space-
craft, radio science experiments designed to determine a
comet’s mass and gravity field from Doppler tracking of
the orbiting spacecraft should make the necessary measure-
ments  as far as possib]c  from the sun when the comet is
least active. Cornctary gas production rates, as a function
of heliocentric distance, can be estimated using ultravio-
let spectral observations of the OH radical and these rates
can bc used to provide a first-order, a priori model of the
nongravitational accelerations that might bc cxpcricnccd
by a neighboring spacecraft.

For cometary nuc]ci on the order of a fcw kilometers in
radius, the escape velocity will bc a fcw meters pcr second
while tlIc outflowing gas and dust will travel at velocities of
onc to two orders of magnitude faster. Thns, dust particles
will IIot remain in orbit about the comet. }Iowcvcr, parti-
CICS larger than a few centimeters would not bc completely
entrained in the escaping gas flow and might bc expected
to bc in temporary orbits about the nucleus. ‘J’orques im-
parted to the nucleus by the escaping gas and dust should
prevclit  an active cometary nucleus from relaxing to princi-
pal axis rotation. In this regard, we note that the analysis
of the ground-based and spacecraft data of comet Halley
showed this comet to bc rotating in a comp]cx  manner, not
consistcut  with principal axis rotation (1’ea]c, 1992).

Encounter and Rendezvous
Upon arrival in the vicinity of the target body the space-

craft is slowed from a body relative hyperbolic velocity to a
velocity on the order of meters pcr second. The spacecraft
is simultaucously  targeted to a pre-specified flyby radius
or rendezvous condition, usually hundreds of kilometers
from the target body on the sunlit side, ‘1’his  process must
be carried out carefully in order to minimize the delivery
errors in velocity and position and the total time of t}lc
rendezvous scqucncc.  Initial estimates of the target body
mass and size are also acquired.

R,cnclczvous  Strategy

‘1’hc rendezvous and injection sequence at small bodies is
markedly different than t}le necessary sequences for orbiter
missions to planets. Whereas the injection burn is usually
performed at periapsis  when flying by a planet, for a small
body the cphcmcris  uncertainties and small mass of t}le
body render this tcchuiquc  useless. Rather, a scqucuce  of
slow clown maneuvers lnust  bc executed in order to achieve
capture at the body.

More than onc maneuver is needed to achieve the de-
sirccl rendezvous speed and altitude because of the ex-
pected  maneuver execution errors in both magnitude and
pointing that result when perfor]ning  a propulsive nlaneu-
ver. For example, if the initial hyperbolic excess speed is
1000 m/scc and the desired rendezvous speed at closest ap
J)roach is 5 m/see, but the expected spherical execution er-
ror is 1 ?40, then a 10 nl/sec spherical error can result. Thus
the spacecraft may bc moving in an unknown direction at
sr)ecds ranging from O to 15 n~/sec  after the maneuver. A
series of three to four maueuvcrs  is usually nccdcd, each
maneuver being 10~o to 50% of the prccediug  maneuver,
until the f[nal speed is achicvcd, Also, a redetermination
of the spacecraft’s trajectory after each maneuver is nec-
essary  so the next propulsive maneuver can bc precisely
calculated. By following this plan, the execution error re-
sulting from the last maneuver will be a small fraction of
the final desired speed.

q’hc error in the radius of cJoscst approach at t}lc end
of this phase is determined by the magnitude of t}]c last
rnancuver,  the maneuver execution J>ointing error, and t}le
time from the Jast maneuver to closest aJ,proach. The 3-u
uuccrtainty is computed as

Ar % 3C7P7’AV (1)

where aP is the l-a execution pointing error of the n~ancu-
ver in radians, AV is the delivered maneuver and 7’ is the
time from the last maneuver to the closest approach. For
example, a last maneuver of 5 nl/see, aP = .010 radians
(,57 degrees), and a maneuver time 7 days from closest ap-
proach may result in a total flyby error of +90  km. ‘J’hus
the desired closest approach distance accuracy will deter-
mine the size and timing of the final maneuver.

The number of maneuvers needed in the scquencc  will
iucrcasc  as the size of the maneuver execution errors in-
crcasc.  Large execution errors will also result in more fueJ
being needed during the rendezvous phase to compensate
for these errors, as well as more unccrtaiuty in the timc-
linc of the maneuvers. A rendezvous maneuver sequence
which minimizes the total time of this phase would need
small maneuver execution errors and would require 3-axis
accelerometers on tbc spacecraft for precise maneuver mag-
nitude and J)ointiug control.

In dcsigniug  the rendcr,vous  maneuver sequence, trade-
OITS must be made between the total fuel expended, the size
of the maucuvcr  execution errors, the number of maneu-
vers, the required time between maneuvers, the total time
allowed for the rendezvous phase, and t}le desired accuracy
of the state vector at closest aJ)Jmoach. Often it is desired
to perform the maucuver  sequcncc  in as short a time as
possibJc. A reasonable rule-of-thumb for turn-around time
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bctwccn  Inancuvcrs  is
for the reconstruction

approximately 7 days. This allows
of the maneuver, re-estimation of

the flyby altitude at the target body, design of the next
maneuver and sequencing and uI>-loading of this  maneu-
ver. implicit in this design sequence is a re-optimization
of the rest of the rendezvous sequence. ‘l-his turn-around
tin~cma ybcdccreased  with  imp~ovcd orbit determination,
smaller maneuver execution errors or quicker sequence dc-
vclopmcnt  and illl]>lell~c~ltatiol~.

Qrbit l)ckmnination
Orbit determination during the rendezvous sequence is

concerned with optical detection of the small body, re-
construction of maneuvers during thcrendczvous  sequence
and in improving the flyby radius uncertainty of the tra-
jectory.

Optical detection ofthcbody is usually the first task to
bc performed during theintcrp]anctary approac}l. l’his  is
not always possible prior tothcinitia] maneuver, especially
for asteroids due to their small size and low albcdos.  Ap-
proach geometries may also aifect  the dctcci,abllity  of the
body, usually duc tolargc phase angles, although restric-
tions on the pointing of the spacecraft may also intcrfcrc,
Early  detection is desired as it usually improves therela-
tivc  uncertainty between the spacecraft trajectory and the
body cphcmcris.

At SOIIIC range of the spacecraft froln the body (dcpcn-
dcnt  on camcrap roperties and the aprioriephcmcris un-
certainties) the combination of the optical image of the
body and tbc accuracy ofthcimagc processing will cxcccd
thcaccuracy ofgrouud based  n~easurcment  so fthebod yin
the plane of the sky (the plane normal to the spacecraft-
body look direction). Within this range, images of tllc
body against a star background arc used to reduce the
flyby radius uncertainties of the trajectory relative tothc
body. Current image processing techniques can locate inl-
agcs of fully exposed objects whose theoretical apparent
size in t]IC image is 1 pixel or less to within a few tenths
of a pixel or less. The optical data accuracy should be
assessed and con~paTcd  to a priori ground based observa-
tion accuracicsofthc asteroid or comet to determine when
the optical data bcgius  toimprovc  thcrclative uncertainty
bctwccn  tbcspacccraft  and the body. After this point the
optical data should be used to supplement the radiomctric
data. The strength of the optical data continues to in-
crease as the spacecraft approaches the body. During the
final days lxforc closest approach appreciable parallax of
the body is usually seen which provides trajectory data in
three dimensions.

Usual practice is to track the spacecraft frequently fol-
lowing the execution of maneuvers. Even with relatively
slnall  execution and pointing errors, it may take two or
morcdays before the maneuver is estimated and the flyby
radius uncertainty reduced to pre-maneuver levels. In
practice, it is desired to reduce the post-~ naneuver  flyby
uncertainty to t}lc level of prc-maneuver uncertainties or
less before the next mancuvcris executed. This will avoid
mis-targeting in the maneuver design due to uncertainties
in the relative position of the spacecraft and body. If the

maneuver execution and pointing errors are large, it may
take additional time to achieve pre-maneuver  confidence
in the flyby radius.

‘1’hc usc of accurate on-board accelerometers, designed
toprccisc]y control themaneuvcr magnitude and direction
applied to the spacecraft, will decrease the time required
to estimate the delivered maneuver. However, there arc
other factors which place limits on the time between ma-
neuvers, These include the acquisition and processing of
optical data and, more significantly, the time to re-design
and update the next maneuver sequence. I)UC to these
time delays a practical limit on the time between n~ancu-
vcrs may be 3-4 days at best for fairly laTge maneuvers.
F,vcn  then it may be risky to perform more than two n~a-
ncuvcrs  with such a short time span in between.

Optical and I)opplcr  data are usually suffkcicnt for orbit
determination purposes during the rendezvous. Geon~e-
trics may arise, however, when either the Doppler or op-
tical data may lose one dimension or more of information.
Such geometries occur when the spacecraft is traveling in
the EaTth plane of sky, when there is poor viewing ge-
ometry or W}ICU there arc no stars visible in the camera
field of view. III these situations, additional data types are
required to successfully perform the orbit determination
function.

1’aralnctcr Estilnation
During the rendezvous sequence it is possible to begin

estimation of the small  body parameters, specifically the
total mass of the body and the absolute size, or scale, of the
body. la some cases prelinlinaTy estimates on the second
order gravity field of the body may be made and, depend-
ing on the camera parameters and body size, mapping of
the body surface may be begun. The description of these
two additional tasks is given in the next section.

An accurate mass determination of the body may be
made by performing a flyby of the small body at a low
speed and altitude. However, such an approach is not ncc-
cssary  for an adequate determination of the body mass.
During the rendezvous sequence, every time the relative
speed between the spacecraft and body is reduced, the
ability of the radio~nctric  data, I)opplcr  in particular, to
sense the body’s mass increases until the flyby radius url -
ccrtail[ty  dominates the uncertainty in the mass detcrnli-
nation. ‘Jlus, optical data also plays a role in the mass
estimation, as it provides improving knowledge of the flyby
altitude with respect to the body. Given the a priori esti-
mate of the body mass, the final segment of the rendezvous
trajectory should be designed to allow for the mass to be
measured or bounded.

Due to uncertainty in the density of the small body,
ktlowlcdge of its total mass is not suilicicnt  to determine
Its size, This information can be deduced geometrically,
}Lowcver,  by comparing the change in relative sir,c of the
body in the focal plane while tracking the absolute motion
of the body. This measurement provides relevant inform a-
tion only during the final week or two of the rendezvous
period, assuming that the approach geometry allows for
the measurements to be made,
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]nitial C]laracterization
Following rendezvous with the body, the spacecraft is in-

jected into a nominally circular orbit at a pre-determined
altitude designed using the a priori estimates of the body’s
size and mass and the properties of the spacecraft imag-
ing system. The duration of this characterization phase is
o]i tile  orclcr of 10 days, thus the spacecraft will complete
much less than one orbit of the body. If the body’s image
can be resolved during the rcidezvous sequence, character-
ization may begin at that time. Unless t}le body is grossly
diff’ercnt from a priori suppositions, the altitude for this
phase will not be re-designed during the rendezvous phase,

If time is a priority and the nominal mission does not
orbit close to t}le body early in the mission, the initial orbit
may bc changed to a slow approach, “1’hen the spacecraft
would be targeted to a flyby altitude at the initial orbit
altitude, under the restriction that t}le approac]l  velocity
be on the order of 1 m/s or less and that the approach
time be on the order of 10 days. These restrictions are
to ensnrc  that proper characterization of the body may be
performed,

“l-kc orbit radius should be sized to allow for estimation
of the second order gravity field, at least. If the initial orbit
is too  close, however, the orbit prediction will be unreliable
and have a large  uncertainty for a period of time as t}lc
filter attempts to solve for the orbit and higher haTmonics,
lacking any a priori knowledge of lower order harmonics.

Landmark Map and Shape IIescription
“1’his map of body landmarks and features is used to

navigate during the orbit phase and to support science
targeting requirements. q’he optical images provide an irli-
tial catalog of landmarks and features and locates them at
prclilninary  ]cvcls of accuracy on the body surface. This
]andmaTk and feature data is also used to make the initial
determination of the spin c}laracteristics  of the body (spin
rate, orientation, nutation and precession of the body).
l’hc cxpectcd  motion for asteroids will be a near principal
axis rotation of the body. }’or comets, there will in general
bc sizable nrrtation and precession of the body, due to the
non-gravitational torques the comet nucleus receives froln
out gassing at every perihelion passage.

Landmark acquisition, selection and processing is com-
plex and data intensive whether done autonomously or
with human involvement in the initial map construction.
‘1’hrrs it is preferred to catalog as few landmarks and re-
quire  as few sightings of ]andmaTks  for navigation as is
ncccssary.  l’hc density of landmarks needed is a function
of the imager frcld of view, the lowest altitude the space-
craft will achieve and the dependence of the mission on
optical data. An alternative to land]nark  tracking is limb
tracking, where the basic estimation process remains the
same but it is the limb or shape information of the body
that is being estimated and cataloged. This approach will
bc useful for imagers with a wide field of view, and may
actually  enable  a degree of on-boaTd  autonomy as this data
type is easier to reduce using simple algorithms.

l’rcvious  experience at J}’], with optical navigation pic-
ture processing on the ground indicates that 2 to 3 hours is

required to receive, prc-process,  review, and extract opti-
cal data fTom an image during the startup p}lasc in which
landmarks are being chosen, located, modeled and cata-
loged. Subscqrrent  images capturing known landmarks
can be processed much more quickly (several to many per
hour) to improve accuracy and do orbit determination.
l)own-link  transmission time per picture will at most be
the time it takes to send one science picture frame. It is
usually possible to perform on-board compression of the
data contained in an optical pictuTe frame, allowing for a
significant decrease in the transmission time of the opti-
cal data. See (Gaskell,  1988) for a descriJ~tion of ground
proccssiug  of landmark data.

Least squares estimators, incorporating dynamic models
of the body, are used to improve the estimates of land-
mark locations and rotation parameters. Initial estimates
of rotation and shape can begin as early as first detec-
tion by utilizing light curves derived from successive in-
a.ges. identification and cataloging of body referenced lat-
itude and longitude of ]andma Tks can be begun as soon
as discerned On the images. Continual updates occur
throughout the approach, rendezvous and orbit phases.
SuTfacc brightness contouTs as a function of phase angle
and spacecraft/landmark relative geometries are continu-
ally updated as more data is acquired.

initial Gravity Field Determination——
IIrrring  this phase it becomes possible to reliably esti-

mate the second and third order gravity field of the body.
‘1’o detect the second order gravity field about a comet
requires an orbit altitude of 30 to 50 radii. For determi-
nation at an asteroid requires orbit altitudes of 40 to 100
radii. in general, t}lc smaller the body, the smaller the or-
bit should be. Continuous or neaT-continuous  tracking is
usually desired during this phase as this allows for a quick
determination of the low-order gravity field. I’he  estimate
of this field is initiated using an a priori fmld constructed
from the visible shape of the body using constant density
assumptions.

The gravitational harmonic cocfhcients  are determined
using a least-squares estimator which simultaneously solves
for the spacecraft trajectory, body mass and low-order
gravity field. The estimation relics on Doppler data to
provide rneasurcrnents  of the spacecraft velocity coupled
with optical data to provide the body relative position of
the spacecraft. The presence of both data types is essen-
tial for timc]y  determination as the gravity field must be
specified  in body fixed coordinates.

The second order gravity field is important as it charac-
terizes the main gravitational perturbations the spacecraft
will encounter during the mission. Due to the strength
of these perturbations for irregularly s}laped bodies, the
nominal mission is planned assuming an a priori value for
these coefficients. Drrc to the laTge uncertainties in the a
priori characterization of the body shape, size and density,
these values will be poorly determined. Thus, once t}[c ini-
tial model has been improved via estimation by tracking
the sJ~acecraft over a 1-2 week period, the nominal mis-
sion plan must bc re-designed  using the new values for the
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second and third order gravity field. Thus this phase  is
crucial for the mission design as the nominal mission plan
must bc revised and fine trrncd given the updated model
of thC body.

~~@ia ‘1’ensor Determination
Given the rotational dynamics and the second order

gravity field of the body, it is desired to determine the
inertia tensor. Determination of the inertia tensor enalr]cs
long term prediction of the rotational dynamics and can
also shed insight into the intcrna)  mass distribution of the
body. Given the measured rotational dynamics alone, it
is not possible to make a complctc  determination of the
inertia tensor duc to an ambiguity in the lhrlcr  equations
of motion. }1 owcver, assuming a good determination of
the second order gravity field, it is possible to resolve the
ambiguity and get a complete solution for the inertia ten-
sor of the body. The process of doing so is detailed in
(Miller et. al., 1990). ‘1’his  solution is continually updated
as additional data is acquired.

Should the body bc very CIOSC to principal axis rotation,
a complete determination of the inertia tensor cannot bc
made duc to additional ambiguities. }1 owevcr, if this is
the case, the propagation of the rotational dynamics be-
comes simpler and the navigation importance of the conl-
pletc  inertia tensor decreases. Note that no body is in true
principal axis rotation and thus at some point during the
mission phase the inertia tensor would be determined to
some lCVCI of accuracy.

Initial  Orbit
Following the characterization of the body, the space-

craft is transferred to a lower orbit where t}le higher order
coeflicicnts  of the gravity field are sensible. ‘1’he radius
of this orbit should bc on the order of 7 - 10 radii for a
comet and 9 - 15 radii for an asteroid (depending on the
size and dcrlsity  of the body). If the mission plan calls for
the orbiter to come to within a few radii of the body, this
phase is essential for preparing the gravitational model for
this event. If the orbiter will not come C1OSC to the body,
this initial orbit may bc targeted to the nominal mission
orbit radius. If the target body is an active comet, the
outgassing force environment must be characterir,cd  dur-
ing this phase to enable navigation to generate predictions,
ensure robustness of the a priori navigation plan and to
support science desires and goals. The phase is also used
to finalize the landmark and shape determination of the
body in preparation of the mission phase.

lrnprovod Map and Shape lktcrmhlat,iorr
With improving landmark tracking accuracy and in-

creasing familiarity with the body, the basic landmark map
arid shape determination of the body should Lrc cornplctcd
during this phase. I’}Ic relevant coordinate systems, land-
mark locations and surface characterizations must bc conl-
rmmicatcd  to the science and mission design teams for usc
in specifying desired targets on the surface. Note, how-
ever, that if the imager field of view is small, on the or-
der of degrees, it may bc necessary to generate additional

landmark maps if the spacecraft transfers to lower altitude
obits.  This is required so that there exists a map of the
body surface at all relevant resolutions, as the landmark
tracking process may easily bccomc  ambiguous should the
surface area viewed in cacb frame shrink by an order of
magnitude, For a larger field of view imager (on the order
of tens of degrees), it is still possible to identify landmarks
even with large changes in tbc orbit altitude.

Surface landmarks s}lould  be cataloged at a density such
that images containing one or more landmarks can bc ac-
quired within a pre-specified time limit. At most this time
will bc every 2-3 hours. The factors affecting landmark
density requirements include constraint policies on camera
pointing, camera field of view, carncra  pointing accuracy,
the period and altitude of the spacecraft orbit, the target
body rotational dynamics, down-link characteristics and
ground processing capabilities. If limb tracking is used to
generate optical data, it bccomcs  necessary to cleterrniuc
the degree to which the body shape is to bc rnodclcd.  This
will bc a direct function of the desired accuracy of the op-
tical data measurements, with a lower accuracy nlcasure-
ment requiring a lower order model for the body.

‘1’hc resolution and accuracy of the landmark net and
shape characterization will improve throughout the nlis-
sion. }1 owevcr, real time improvements to the landmark
net may not bc automatically iucorporatcd once the n~is-
sion phase begins, in order to avoid confusion from a shift-
ing set of coordinates on the asteroid surface. If in~prove-
mcnts  to the surface model arc made during the mission
they will bc delivered officially to avoid ambiguity and con-
fusion.

IIigber Orcfcr  Gravity Fields——. —...
l)uring the infiia]  orlit the higher order harmonic coef-

ficients of the gravity field arc determined (4th order and
higher). These terms will have a large effect on the short-
tcrm dynamics of the spacecraft when within 2 radii of the
body, yet they must still be estimated for spacecraft which
stay above this limit. Knowledge of the higher order terms
reduce errors in the second and third order gravity field
determination, allow for prediction capabilities to be cx-
tenderl  to a period of days and enables quicker solve times
for maneuver execution errors. Again, continuous tracking
during gravity field estimation in general enables quicker
solution times for the gravity field and smaller uncertain-
ties in the final, determined gravity field. Also, orbits close
to the Earth plane of sky (within 5- 10 degrees) should
be avoided as the information content of the Doppler data
type during such geometries is in general drastically re-
duced.

Usually, the estimation of the gravity coefficients con-
tinues  and improves throughout the mission, If, however,
these coefficients are determined to within the accuracy
cormtraints  nccdcd  for the mission, they need not be es-
timated further during the actual mission phase. Post-
mission reconstruction efforts will, in general, estimate
thcm to a higher order of precision.

If the mission plan calls for the spacecraft to descend to
lower altitudes (on the order of a few radii) for extended
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l~criods of tilnc,  the higher  order gravitational cocfflcicllts
must bc estimated prior to descent to the lower altitude.
‘l-he gravity coefhcients  are estimated by decreasing the
pcriapsis  altitude and tracking during pcriapsis  passage
to obtain an enhanced gravity field from an orbit not as
aflccted  by the higher gravitational harmonics. In this
manner it becomes possible to gradually step into orbits
less than two body radii (assuming that the dynamical
environment allows for such CIOSC orbits).

If the body is a comet, the higher order gravity field will
bc corrupt,cd  by the non-gravitational signatures of the
comet outgassing. If the outgassing  is not modeled, then
the gravitational harmonics may have sizable stochastic
components and must continually bc rc-estimated or es-
timated as non-zero mean stochastic parameters. If the
outgassing is modeled, the corruption of the gravity field
may not bc as severe, yet will not disappear and will still
require longer tracking arcs to converge upon the Cocff(-
cicnts.

Comet (h(gassing—.
If the target body is a comet, the initial orbit is used to

estimate the magnitude and variation of the force of the
comet outgassing acting on the spacecraft. l’his  includes
estimating the effcctivc  area to mass ratio of the spacecraft
(which will bc uncertain), estimating the variation of the
outgassing field strength as it varies from the sun-line and
as it varies across the body, characterizing the stochastic
variation seen in this field and assigning proper correlation
times to these stochastic variations.

As the physics of comets are not complctc]y  understood,
the outgassing  pressure at a comet cannot be reliably pre-
dicted  from a priori information. Nonetheless, it is ex-
pcctcd  t}~at the eflectivc  force of the outgassing at an active
comet may bc as large as 10% of the comet’s gravitational
attraction. Thus the outgassing force will have a major
effect on the sJ~acecraft orbit and must bc characterized
for both mission design and navigation purposes. lJurthcr-
morc,  this force can act to either dccreasc  or incrcasc  the
orbit  scnli-major  axis and eccentricity, ]cading  to the pos-
sibility of an rrnplanncd  spacecraft escape or C1OSC fly-by of
thcnuclcus (Schccrcs,  1993).

Aconscrvativc approach to navigation at acomct would
not estimate the outgassing force field and instead view it
as a single stochastic parameter, perhaps wit}l some net
constant outgassing effect. Such a model would severely
limit the prediction capability of the spacecraft motion
and would increase the risk of unplanned spacecraft es-
cape or impact. It also requires more frequent tracking of
the spacecraft, as the predictive power of the navigation
model will bc weak and must be continually updated.

A more dct ailed force model for comet outgassing would
contain a fcw specific items. First, a latitude and longi-
tude map of the larger jets should bc made. These loca-
tions would be observed from orbit, and their strength es-
timatcdindircct]y fromthcory anddircct]y  whenever a fly-
over occurs. Additionally, some variation law of the comet
outgassing away from the sub-solar point (where comet
outgassing should bc t}le strongest) would be used to esti-

mate the “global” properties of the outgassing.
processing of the gravitational field estimate,

By proper
the body-

fixed component of the outgassing field may be modeled
and used in a ‘{secondary” gravity field. This field would
bc scaled so that the outgassing pressure would vary as
any particular point on the comet surface rnovcs towards
or away from the sub-solar point.

SUCII models are relatively simple, yet may allow for a
significant improvement in the prediction capability for the
spacecraft trajectory and in modeling capability for the
design and control of the orbit. ‘1’hc individual terms in
these models would bc modeled as having a non-zero mean
stochastic variation with an appropriate correlation time
(or times) to account for the time-varying nature of the
outgassing.

Nominal Mission Phase
Navigation during the nominal mission is devoted pri-

marily to the support of the stated scientific objectives of
the mission, “1’hcsc objectives require the spacecraft to bc
targeted to particular orbits and for the navigation team
to deliver predictions and reconstructions of the spacecraft
position, pointing and associated uncertainties. Addition-
ally, navigation will provide the best current estimates of
the gravitational field, rigid body dynamics, inertia tensor,
landmark positions, body shape and non-gravitational en-
vironment. This section addresses the generic concerns
and duties of navigation during the mission phase.

Orbit Determination
Orbit determination during this phase relies on Doppler

and optical data. The Doppler measurements provide di-
rect information on the dynamics of the spacecraft. The
optical data provides direct information on the relative Io-
cation of the spacecraft. Thus these data types are con~-
plemcntary to each other and arc usually both essential
for a successful mission. There may be cases when, due
to a complete, accurate and certain characterization of
the small body force environment, the mission may bc
navigated using only one of these data types. In such
situations, optical data is used if the spacecraft uscs au-
tonomous navigation, while Dopp]cr  data is used if contact
with the ground is maintained, For redundancy purposes,
both data types arc usually kept for the entire mission du-
ration.

lhring the orbit phase the imager field of view is usually
filled completely or substantially by the body, Thus stars
will usually not be available to provide an inertial refer-
ence for optical images of the body. However, due to the
small raugcs  from the spacecraft to the body landmarks
and features during a typical orbit  phase (e.g. a few tens
of kilometers or lCSS),  relatively imprccisc  know]cdgc of the
spacecraft inertial attitude (e.g. 0.5 - 1 degree) will suffice
to locate landmarks and features to within tens of meters
on the body surface. This data provides geometrical fixes
which, when combined with radiometric data, provide the
necessary information to determine the body relative or-
bits and to perform and plan maneuvers.
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It is also possible to rely on shape models  of the body
alone to generate the optical data. This data type may
bc preferred for imagers  with a larger field of view as it is
then possible to image body limbs and terlninators with-
out large slew auglcs  of the spacecraft. “1’his data type is
sire; )]cr to process and transmit in general, and may allow
for on-board autonomous data reduction capability, ‘1’he
accuracy of this data type may also be comparatic  to land-
mark tracking.

When in orbit, the Doppler data type becomes powerful
duc to the large variations in dynamical signature within
onc orbit. “]’his allows for estimation of the orbit and of the
force environment about the body. Generally, onc 8 hour
track of Doppler per day provides good prediction and re-
construction capabilities during periods of lower activity.
If the confidence in the force model of the body is high,
adcqu  atc navigation may be performed with even fewer
tracks. Generally, during the mission phase, substantial
amounts of science data is generated and transmitted to
the ground. Since Dopp]cr  data may l.rc acquired with no
signal degradation w}lencver a link between the spacecraft
and Earth is established, the tracking needed for return-
ing the science information often provides navigation with
sufficient amounts of tracking information.

Qbit l’recliction and Reconstruction
‘J’hc ability to predict and reconstruct the spacecraft tra-

jectory about the small body is a crucial service required
by the science team. The ability to predict trajectories
in advaucc allows the science team to consciously choose
target orbits and know in advance the expected deviation
from these orbits, allowing for robust sequences to be de-
signed for instrument measurements. ‘1’hc ability to recon-
struct the trajectory is used after the primary mission is
comp]etcd, when there is time to perform a detailed and
precise analysis of the results. l’hcn  it is desired to know
the spacecraft position and pointing relative to the body
at tlic epochs when measurements were made.

‘]’hc ability for navigation to predict and reconstruct or-
bits is usually limited by the body model and the infor-
mation contcrrt  of the navigation measurements, l:or as-
teroids, the body model may be improved to high levels
of resolution if tracked over long time spans and will be
limited by t}ic know]cdge  of the gravitational harmol)ics,
solar pressure model and the inherent accuracies of the
radiomctric and optical measurements. If lnaneuvers  are
]>crformcd  frequently, the ability to predict is limited to the
expected execution errors and the ability to reconstruct is
limited to the ability to estimate the maneuvers. ‘1’hese
considerations drive the need for frequent tracking follow-
ing maneuvers.

For comets, there will be a fundamental limit on the pre-
dictability of the orbits, due to the stochastic nature of the
outgassing forces. ‘l’he size of this limiting effect will bc a
function of several items. If a modeling capability of the
outgassing is used, then prediction times may bc extended
significantly. Conversely, if the outgassing is not modeled,
the predictive ability of navigation may bc severely liln-
itcd, probably to the order of the correlation time of the

stochastic outgassing effect, which may be on the order of
hours or days. If tracking is dense enough, the ability to
reconstruct orbits about a comet may be fairly strong, as
the analyst may usc stochastic parameters to correlate the
motion Lrctwcen  tracking passes, This assumes that the
tracking is performed more frequently than the correlation
time of the outgassing. Should this not be the case, the
ability reconstruct will begin to degrade.

Orbit Control and Stability———
An orbiter at a small body will, in general, encounter

non-l {cpleriau forces of a much larger relative magnitude
than planetary orbiters would encounter. “lThc main per-
turbations the spacecraft must contend with are the effects
of an irregular body shape on the gravity field, solar ra-
diation pressure, comet outgassing and t}~c solar tide, in
comparing the absolute magnitudes of these effects, the so-
lar tide dots not play an appreciable role over short time
periods, except for larger orbits about larger bodies, SUCII
as large main belt asteroids. For large asteroids, the major
effects are duc to the non-sp}lerical  shape of the body. For
slnall  astcroidsj  the solar radiation pressure may become
an important force. For comets, the solar radiation pres-
sure and the comet outgassing tend to be the major forces
to contend with. If a low altitude orbit is achieved at a
comet, the shape effects must also be considered.

like effect of the body’s irregular shape on the spacecraft
orbit may be quite  severe. For smaller, and hence more
irregularly shaped, asteroids the shape may cause radial
instability in the spacecraft orbit, leading to a crash on
the asteroid within a short time period (Schecrcs,  1994a).
‘1’his instability occurs when the spacecraft is in a near-
synchronous orbit about the body. Thus, low altitude or-
biters at asteroids must generally follow retrograde orbits
in order to eliminate these instability problems.

in addition to potential instability problems, the effec-
tive oblatencss  of an asteroid will bc a significant effect.
This effect is most easily characterized by the “J2” term,
although it can be more accurately characterized by con-
sidering an oblate  spheroid model (Broucke  and Schecrcs,
1994).  The value of the JZ parameter for asteroids are ex-
pected  to range up to 0.1 for a maximum value. l’his leads
to precession of the orbit node and argument of periapsis
at rates up to 45 degrees/day for a 2 radii orbit at a 45
degree inclination to the mean asteroid rotation pole. Corl-
trol  of this precession about larger asteroids is not feasible
due to the relatively large maneuver cost and frequency
associated with this precession rate. About smaller bodies
it may become possible to control the orbit plane with re-
spect to this precession, although the cost of this control
may be on the order of 100 m/s over the entire mission. As
an example, the average cost to maintain a preferred iner-
tial orbit orientation about an asteroid is, approximately,

A“V =
3pJz  I sin 2il

4a.r

where AV is the necessary maneuve
pcr unit time, p is the gravitational
teroid, JZ is its ob]ateness  term, i is

(2)

magnitude needed
constant of the as-
he orbit inclination
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with respect to the mean asteroid rotation pole and cc is
the radius of the circular orbit about the ast&oid.

If the asteroid is small, and the orbit altitude further
than a few radii away from the body, the solar radiation
pressure forces lregill to dominate the spacecraft dynamics.
orbits may be designed which effectively null out the ef-
fects  of the solar radiation pressure, however these may not
bc orbits of interest to the science team. When not in such
orbits, the eflcct  of this force is to increase the eccentric-
ity of tlIc orbit towards unity, as WCII as change the orbit
inclination, node and pcriapsis  while the semi-major axis
remains constant on average. Duc to the increasing eccen-
tricity, occasional corrective maneuvers must bc performed
to restore the orbit. The frequency of such corrections will
vary depending on the size and location of the asteroid, but
may bc as high as one maneuver pcr week to control the
eccentricity alone. Sec (Schccres,  1994b)  for a description
of satellite dynamics at an asteroid.

If the body is a comet, its total mass will usually be small
and hcncc  both the solar radiation pressure and the comet
outgassing will have large effects on t}le spacecraft orbit.
Rcfcrcnce  (Schecrcs  1993) discusses the general dynamics
of a spacecraft about a comet, assuming a simp]c form for
the outgassing pressure. ]n general, the semi-major axis
and the eccentricity of the orbit will have secular drifts,
CIUC to the combination of the forces. Corrections must
bc performed occasionally to correct the orbit back to its
desired state, Based on simp]c rnodcls  of outgassing, it
is possib]c  to design orbits which remain stationary about
the comet, although these orbits may not be of scientific in-
terest. Should the spacecraft fly over an active outgassing
jet, there may bc a large dynamical effect on the spacecraft
trajectory. ‘f’bus, such fly-throughs  s}lorrld bc anticipated,
and the spacecraft tracked subsequent to such an event, to
cnab]c  correction for any large perturbation in the orbit
se]ni-]najor  axis or eccentricity.

Propulsive maneuvers are required from time to time to
control or alter the orbit. Rccause  of maneuver execution
errors, uncertainty in the spacecraft’s position and velocity
will exist for a tilnc after the maneuver. ‘1’hesc  uncertain-
ties arc rccluced and execution errors detected once the
orbit is rcdctcrmincd using Doppler and optical measure-
ments,  which usually requires a day or so of tracking. Note
that within a fcw days after the rnancuvcr,  the spacecraft
may bc many kilometers off in its predicted down-track
position due to maneuver cxccutiou  error. Yet once the
orbit is rcdctcrmined and the maucuver determined, ac-
curate predictions of the trajectory can be made and the
instrcrmcnt  scqucnccs  redesigned as appropriate.

A utonolnous  Control of Spacecraft
‘-M ajor-” mission costs are often incurred in maintaining
large flight teams for sequencing, navigation, attitude corr:
trol and other essential mission tasks. Autonomous nav-
igation of a spacecraft has the potential for reducing the
size of ground teams needed to plan and process the radio-
mctric and optical data and to perform maneuvers.

Various ICVCIS  of autonomous control are possible. In the
simp]cst  case, the spacecraft is autonomously controlled to

nadir track the small body. This would relieve the ground
from needing accurate spacecraft down-track predictions
for the design and sequencing of spacecraft pointing. T-he
simplest implementation of this control would require a
large field of view imagcr,  not ncccssari]y  very accurate,
that would maximize the image brightness and hence point
the spacecraft to nadir. A more sop}listicated  approach
would have the spacecraft estimate the centroid  of the
body, using an e]cmcntary  on-board mode] of the body
and occasional limb scans. No record of the data need
bc kept on-board, although some of the data should be re-
turned to earth for usc in orbit determination. The ground
would still perform the orbit determination and navigation
tasks, but the need for accurate pointing predictions could
bc eliminated.

No attempt is made on-board to improve the orbit
knowledge, the nadir pointing is simply readjusted. I’hc
science data is limited to viewing in the nadir direction.
Situations in which t},cre is no signal would be treated by
making no adjustment for a period of time known to the
algorithm. Loss of imaging signal for longer times would
necessitate a call to earth.

A more accurate version of the approach would require
a low order model of the asteroid and some information
on the location of the sun and the spacecraft trajectory
about the object. Using this data the spacecraft instru-
ments  could bc pointed autonomously to pre-programmed
surface locations. To process the optical data the on-board
computer would either recompute scenes or store the cx-
pcctcd  sccncs  in memory. All these scenes would bc low
order to minimize memory and computation costs.

If the scicncc  measurements arc made when large space-
craft trajectory perturbations occur the above scenario
may still work, but for shorter periods of time. Tllcn,
in addition to tracking the nadir, the wide field imaging
data could also bc exploited to estimate the spacecraft po-
sition in inertial space. The spacecraft computer would
have the necessary models to recompute low order scenes
in the wide field imager for comparison with the actual
data. The residuals would indicate the deviation of the
current position from the expected position, allowing the
s])acecraft  to update its current position estimate.

Given moderately accurate attitude control knowledge
(on the orcler of 0.5 degrees), and a low order model for
an asteroid, it would bc possible to autonomously estimate
the position of the spacecraft to the order of 500 meters in
a low asteroid orbit. Position fixes taken around the or-
bit (at least six per orbit) are used to continually update
the orbit position and compute t}le confidence in the po-
sition estimate. If the dynamical perturbations grow large
enough, the spacecraft would notify Earth and a ground-
calccrlatecl maneuver would bc radioed to the spacecraft,
Future autonomous navigation would usc t}lc on-board or-
bit estimate to compute and execute one of a restricted
suite of trajectory correction maneuvers,

Navigation Products as Science.——
in the process of navigating the spacecraft around the

small body, there arc a number of navigation products
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.,
which have a scientific interest bc.vend their nawgation  use.
These items include estimates ou the body gr~vitational
field, density, surface map and shape, inertia tensor, rota-
tional dynamics and outgassing  field if a comet. ‘1’he esti-
mates of these items arc continually updated as tracking
and optical data is reduced. Models used for orbit determi-
nation contain all t}lcsc items as estimation parameters in
order to generate accurate body relative coordinates and
to enable the orbit trajectory to be predicted and rccon-
structcd.

‘1’hcsc items arc usually classiilcd  under the heading of
radiomctric and imaging science as tkcy  arc dctcrmincd
by reducing the Doppler and optical data acquired during
the orbital phase of the mission. If this data is archived,
thcII more precise estimation of these parameters is per-
formed during the reconstruction of the spacecraft trajec-
tory, when these items arc estimated using the totality of
data available to the analyst. ‘1’hc procedure for gaining
a final, best estimate on these quantities is generally the
same proccdurc  as was used to gcncratc orbit determina-
tion  during the mission phase, although all the tracking
data is now combined into onc effcctivc  data arc (Kono-
pliv, 1993).

Another navigation product which is used for scicu-
tific pnrposcs  is the improvement of the cphcmcris  of the
small body. Ry tracking the satellite in orbit about the
s)llall body, the heliocentric trajectory of the body is also
tracked. “1’bus, substantial improvement in t}lc ephemeris
is cnab]cd  by tracking the spacecraft over the length of the
mission phase. Generally, Doppler data is srrff[cicnt to pro-
vide marked improvcmcrlts  to the small body ephemeris,
a]t}iough occasional ranging data allows for even furt}lcr
improvcmcmt  in the body ephemeris. As the range data
is not cxp]icitly  needed for navigation during the orbital
phase, this data type is often considered to bc a scicncc
measurement once the orbital phase of operations has be-
gun.

conclusion
I)cscribcd  in this paper is a complete and generic plan

for navigating a spacecraft to a small body. The plan is
outlined in five phases: prc-cncountcr characterization, cn-
countcr  and rendezvous, initial characterization, initial or-
bit  and nominal mission phase. F;acb section describes the
general tasks performed by navigation for mission support
and the basic rcquircmcnts that navigation will need to
carry out these tasks. By focusing on the minimum re-
quirements,  the paper describes the essential tasks that
must bc retained for a low-cost mission. A discussion on
autonomy indicates how the ground support systcm  may
bc rccluccd during the nominal mission phase. Missions to
small  solar system Irodics are challenging and will require
navigation to develop ncw tools and techniques to face
these unique situations. In a period of tightening space
exploration budgets, it is crucial to identify the essential
tasks for any mission, so appropriate budgeting and effort
can bc cxpcuded  for the resolution of these tasks.
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